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ABSTRACT
Two methods coupling ion chromatography with inductively coupled plasma – optical emission spectroscopy (ICP-OES) were
developed for the simultaneous separation and determination of Cr(III) and Cr(VI) species. In the first method, anion
chromatography with sodium bicarbonate/carbonate solution as the eluent was utilized. Cr(III) species were protected from
precipitation by complexation with ethylenediaminetetra-acetic acid (EDTA) prior to analysis. The detection limits were
determined experimentally as 0.05 mg L–1 for both species. Most of the common cations were found to interfere with the accurate
determination of Cr(III) when present in excess of 50 mg L–1. In the second method using cation chromatography, a guard column
was employed in conjunction with a stepwise elution programme to elute the chromium species. The detection limits were
experimentally determined as 0.1 mg L–1 for both species.
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1. Introduction
Chromium has many industrial applications such as in the
metallurgical (steel), chemical (electroplating, tanning) and
refractory industries. It is due to its wide use in industry that
chromium compounds find their way into the environment as
liquid, solid and gaseous wastes. These wastes can have adverse
effects on the environment. Only trivalent and hexavalent
chromium are stable enough to occur in the environment. These
two species are drastically different in their physicochemical
properties as well as in their chemical and biochemical reactivity.
Chromium(III) is regarded as an essential trace element in the
human body and its roles include the control of glucose and lipid
metabolism.1,2 Chromium (VI), however, is found to be carcino-
genic.3 Hexavalent compounds are highly soluble and mobile
whereas Cr(III) species are only sparingly soluble.
In the last decade various analytical techniques have been
developed and employed to separate and determine chromium
species in various samples. Often methods are based on prior
separation before detection. Separation is mainly carried out
by high performance liquid chromatography4–13 and flow injec-
tion analysis.14–19 Detection techniques include atomic absorp-
tion spectrometry, 20–23 inductively coupled plasma – optical
emission spectroscopy (ICP-OES),4,5,24 inductively coupled
plasma – mass spectrometry,5,10,25–28 chemiluminescence9,11,29 and
UV-VIS.7,25,30
The purpose of the current work was to develop a simple, fast
and cost-effective method for the simultaneous determination
of Cr(III) and Cr(VI) in routine analysis. This was achieved by
developing two hyphenated techniques using ion chromatogra-
phy and ICP-OES. In the first method separation was preceded
by the complexation of Cr(III) with EDTA to form a stable anion.
The chromium species were subsequently separated using
anion chromatography. A second method using cation chroma-
tography was also developed as it allowed for the use of an acidic
eluent. Thus the metals did not require prior stabilization





A Dionex Gradient Pump equipped with a Rheodyne Model
9126 Injection Valve (50 µL sample loop) was coupled to Dionex
Ionpac AG 9 and AS 9 columns for the anion method and a
Dionex Ionpac CG 12A (4 × 50 mm) column for the cation
method. The flow rate was 2 mL min–1 for both methods.
A stepwise elution programme (Table 1) was developed for the
cation chromatography method.
2.1.2. Inductively Coupled Plasma – Optical Emission Spectroscopy
The chromatographic columns were coupled with a Varian
Liberty 110 ICP Emission Spectrometer via a V-groove nebulizer.
Data capturing and peak analyses were performed with the use
of Star Chromatography Software.31 The optimized ICP-OES
conditions are summarized in Table 2.
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Table 1 Stepwise elution programme for the cation chromatography
method.







All reagents were of AR grade and all solutions were prepared
from high quality deionized water (18 M). Samples and eluents
were filtered through 0.22 µm membrane filters.
Separate stock solutions containing 1000 mg L–1 of Cr(III) and
Cr(VI) were prepared by dissolving Cr(NO3)3.9H2O (SAAR-
CHEM (Pty) Ltd., Halfway House, South Africa) and K2CrO4
(Protea Lab Services (Pty) Ltd.) in deionized water. A series of
standards and synthetic sample mixtures with varying ratios of
Cr(III) and Cr(VI) were prepared by appropriate dilution of the
stock solutions with deionized water for the cation chromatog-
raphy method and with a 14 mM EDTA matrix [0.423 g Na2CO3
(BDH Chemical Ltd, Poole, England) dissolved in 140 mL 0.1 M
EDTA stock solution [as Na2EDTA, SMM Chemical (Pty) Ltd,
Booysens, South Africa and diluted to 1000 mL] in the case of the
anion chromatography method.
The eluent for the anion method was made up from stock
solutions of CO3
2– (as Na2CO3, BDH Chemicals Ltd, Poole,
England), HCO3
– (as NaHCO3
–, SAARCHEM (Pty) Ltd, Halfway
House, South Africa) and EDTA. The eluents for the cation
method were HNO3 (Merck Chemical (Pty) Ltd, Halfway House,
South Africa) and NH4NO3 (N.T. Laboratory Supplies (Pty) Ltd,
Midrand, South Africa).
3. Results and Discussion
3.1. Anion Chromatography Method
3.1.1. Stabilization of Cr(III)
Owing to the alkaline conditions used in this method it was
necessary to protect the Cr(III) species from precipitation by
complexation with EDTA. EDTA formed a monovalent Cr(III)-
EDTA anion [Cr(EDTA)–] with Cr(III), which was separated from
the divalent chromate anion [CrO4
2–]. Cr(III) was stabilized in
solution by addition of a prepared 14 mM EDTA matrix, as
determined by de Beer32, to a sample. This concentration of
EDTA was sufficient to ensure complete complexation of Cr(III)
at high levels and it was found to be low enough to prevent over-
loading of the column. The complex formed between Cr(III) and
EDTA was experimentally determined to be very stable over five
months. The complex has a stability constant of log K = 23.33
3.1.2. Eluent Optimization and Column Selection
A Dionex AG 14 guard column was selected for the separation
of the chromium species, as it would allow the analysis time to
remain short. A sodium bicarbonate/carbonate solution contain-
ing EDTA was optimized for this column. EDTA is added to
ensure that the Cr(III)-EDTA complex and all other metal-EDTA
complexes remain stable during the chromatographic process so
that no precipitation occurs. The addition of EDTA was also
found to decrease the retention times as well as the half peak
widths of the species. The optimum eluent for the AG 14 column
was determined as 1 mM HCO3
–, 3 mM CO3
2– and 20 mM EDTA.
After testing of the AG 14 column using synthetic samples it was
found that the results obtained were not always accurate as
complete baseline separation of the species had not been
achieved and it was thus not possible to accurately integrate the
peaks.
Therefore various columns (all from Dionex) and column
combinations were evaluated to see which provided the best
chromatographic separation but still maintained relatively short
retention times (Fig. 1).
Although guard columns (AG 9 and AG 14) provided the lowest
retention times, the resolution obtained with these columns was
not sufficient when analysing various ratios of chromium
species. Guard columns are thus not able to provide baseline
separation of the chromium species and so the separation
columns were used in conjunction with their respective guard
columns.
The AG 9 / AS 9 and AG 14 / AS 14 column combinations were
able to provide baseline separation of the chromium peaks. The
AG 9 / AS 9 columns when compared to the AG 14 / AS 14
columns were found to give better sensitivity for both species
as well as a shorter analysis time and were thus used for further
experimental work.
Although baseline separation was achieved with the AG 9 and
AS 9 the chromatogram shows multiple peak for Cr(III) and peak
tailing in the case of the Cr(VI) peak (Fig. 2). Thus the eluent had
to be re-optimized for the new column system.
The optimum eluent was determined as 3 mM HCO3
–, 9 mM
CO3
2– and 20 mM EDTA. This solved the problem of peak tailing
of Cr(VI); however, the multiple peaks observed for Cr(III) were
still evident. The eluent strength could not be further optimized
in order to resolve this problem, thus the pH of the eluent was
investigated. The pH of the 3 mM HCO3
–, 9 mM CO3
2– and 20 mM
EDTA eluent was measured experimentally as 7.05. The addition
of EDTA to the eluent thus caused a lowering of the pH which
resulted in a decrease in the eluant strength because the carbon-
ate/bicarbonate ratio was also decreased. Eluents with constant
concentrations of 3 mM HCO3
– and 9 mM CO3
2– but with
different concentrations of EDTA were prepared and tested. The
results show that a decrease in EDTA concentration caused an
increase in pH as expected and a single peak was observed for
Cr(III) at 5 mM EDTA (pH 9.55) (Fig. 3). The sensitivity of both
chromium species was also found to increase.
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Table 2 The operating parameters for the ICP-OES.
Parameter Value
Cr emission wavelength 283.563 nm
Plasma viewing height 5 mm
Peak search window 0.03 nm
Plasma power 1.3 kW
Plasma gas flow rate 15.0 L min–1
Auxiliary gas flow rate 1.50 L min–1
Nebulizer pressure 150 kPa
Figure 1 Comparison of the sensitivity and resolution obtained by
various anion chromatographic systems (sample: 20 mg L–1 Cr(III) and
20 mg L–1 Cr(VI)).
The above hypothesis that the pH causes the multiplicity of the
Cr(III) peaks was tested by preparing a 3 mM HCO3
–, 9 mM CO3
2–
and 20 mM EDTA eluent with pH adjusted to 9.55 with NaOH.
Multiple peaks were not observed for the Cr(III) peak when the
20 mM EDTA-containing eluent with adjusted pH was used.
Therefore for optimum results a pH of 9.55 and above should be
maintained. Either eluent may be used for this method but the
3 mM HCO3
–, 9 mM CO3
2– and 5 mM EDTA eluent was used for
further experimental work.
3.1.3. Flow Rate Optimization
From the Van-Deemter Theory34 it is known that in anion
chromatography the analysis time can be decreased by increas-
ing the flow rate and that the resolution is not significantly
affected by this action. The results obtained for the measurement
of a sample containing 20 mg L–1 Cr(III) and 20 mg L–1 Cr(VI) in
14 mM EDTA at various eluent flow rates is shown in Table 3 and
is in line with this theory.
At high flow rates the retention time was decreased significantly
although the sensitivities were found to be poor. The lower flow
rates had a definite increase in analysis time; however, the
sensitivity was found to be better. A compromise between
analysis time and sensitivity was made and an intermediate flow
rate of 2 mL min–1 was used.
3.1.4. Evaluation of the Method
Interference Study of Other Cations. The influence of each of the
following metals zinc, manganese(II), cobalt, nickel, iron(III),
Cu, potassium and vanadium on the separation and detection of
Cr(III) and Cr(VI) was studied.
Interferences were observed for Cr(III) when in the presence
of other metals (Table 4). It was thus assumed that Cr(III) may be
unstable when other metals are present as the available EDTA in
the sample matrix may not be sufficient to complex both Cr(III)
and the metals. Cr(III), however, reacts in a 1:1 relationship with
EDTA, thus for 100 mg L–1 of Cr(III), 1.9 mM of EDTA is required.
The 14 mM EDTA sample matrix is therefore available in large
excess and the decrease in Cr(III) was not caused by stabilization
problems due to a lack of EDTA.
The decrease in Cr(III) was also not due to a spectral interference
as the chromium wavelength used, is far from neighbouring
interferent lines.
Destabilization of the Cr(III)-EDTA complex due to the presence
of other metals is also not likely as, excluding iron (log Kf = 25.1),
the Cr(III)-EDTA complex is very stable (log Kf = 23.0) when
compared to the other metal-EDTA complexes, with log Kf
values of: 18.8 (Cu), 14.04 (Mn(II)), 18.6 (Ni), 16.5 (Zn), 16.3 (Co),
1.7 (K) and 12.7 (V). Decomposition of the Cr(III)-EDTA complex
is only probable in the presence of very large concentrations of
iron where the concentration of EDTA is insufficient to complex
all the metal species.
Further investigation is required to determine why a decrease
in Cr(III) is observed when in the presence of high concentra-
tions of these metals. From the data in Table 4 it is clear that
Cr(III) can thus only be analysed accurately in the presence of
up to 50 mg L–1 of zinc, nickel, iron, copper, potassium and
vanadium and up to 100 mg L–1 of manganese and cobalt.
A decrease in Cr(VI) concentration was observed (Table 4)
when metals were present in the sample but this was not a true
interference as metal chromates are generally insoluble. Thus
the Cr(VI) precipitates out and a lower concentration was
measured as samples are filtered prior to analysis. A real sample
containing metals with chromate would already contain
precipitated metal chromates but this is not considered as an
interference as this method extends only to the analysis of
chromium in solution and not that of solids.
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Figure 2 Typical chromatogram achieved with AG 9 and AS 9 columns
(sample: 20 mg L–1 Cr(III) and 20 mg L–1 Cr(VI)).
Figure 3 Typical chromatogram achieved using the 3 mM HCO3
–, 9 mM
CO3
2– and 5 mM EDTA eluent (sample: 20 mg L–1 Cr(III) and 20 mg L–1
Cr(VI)).
Table 3 The effect of varying flow rates on the chromatographic factors.
Flow rate (mL min–1) Retention time (min) Peak area Resolution
Cr(III) Cr(VI) Cr(III) Cr(VI)
1.0 1.774 3.328 19 978 22 601 6.69
2.0 0.956 1.748 15 886 17 625 6.56
3.0 0.664 1.182 12 325 13 508 6.56
Effect of Sample pH. Industrial samples are expected to have a
large pH range, thus the effect of sample pH on analytical results
was explored. Four synthetic samples with different pH values
but with the same concentrations (20 mg L–1 Cr(III) and 20 mg L–1
Cr(VI)) were prepared with 14 mM EDTA. A fifth sample (sample
4) was prepared without a change in pH as a control measure.
The results are shown in Table 6.
A white precipitate occurred in the sample at a pH of 2 and
below as EDTA occurs in the fully protonated state.35 At a pH of 3,
both Cr(III) and Cr(VI) concentrations are lower than expected.
The useful pH range is therefore between a pH of 4 and 10.
A change in pH of the sample is found to be negligible when
compared to that of the eluent as only 50 µL of the sample is
injected into a large volume of eluent. Thus multiple peaks did
not occur, as was the case with a change in pH of the eluent.
Analytical Merits. Detection limits could not be calculated by
using the standard deviation of several blank measurements
because in chromatography a blank sample results in no peak
and thus cannot be integrated. The qualitative detection limit for
chromium was determined as the lowest concentration at which
a peak could be distinguished from the background. This was
found to be 0.05 mg L–1 for both species. The quantitative detec-
tion limit was established as the lowest concentration of chro-
mium needed to produce a peak that could be integrated and
produce a linear calibration curve. The quantitative detection
limits were 0.5 mg L–1 for both Cr(III) and Cr(VI). The analytical
working range for both chromium species was determined as
0.5–100 mg L–1.
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Table 4 Results of the metal interference study.
Metal Salts used Metal concentration Measured concentration of Cr(III) Measured concentration of Cr(VI)
(mg L–1) (mg L–1) (mg L–1)
Zn ZnCl2 100 3.1 ± 0.2 13.3 ± 0.4
50 20.2 ± 1.0 20.2 ± 1.1
Mn(II) MnSO4 H2O 100 22.0 ± 0.6 18.7 ± 0.4
Co CoSO4 7H2O 100 21.4 ± 0.5 17.1 ± 0.2
Ni NiCl26H2O 100 2.2 ± 0.07 17.2 ± 0.6
50 18.8 ± 0.8 18.4 ± 1.0
Fe(III) Fe(NO3)3 9H2O 100 6.2 ± 0.3 10.8 ± 0.3
50 22.1 ± 0.4 9.2 ± 0.5
Cu CuCl2 2H2O 100 6.9 ± 0.3 10.5 ± 0.2
50 23.0 ± 1.0 21.6 ± 1.2
K KCl 100 2.7 ± 0.2 17.5 ± 0.4
50 18.6 ± 0.1 17.3 ± 0.2
V Saarchem 100 18.1 ± 0.6 13.8 ± 0.3
1000 ppm V solution 50 20.1 ± 0.6 17.8 ± 0.7
a The samples contain 20 mg L–1 Cr(III) and 20 mg L–1 Cr(VI).
Table 5 Results obtained for samples with varying pH values.
Sample pH Measured concentration of Cr(III) Measured concentration of Cr(VI)
(mg L–1) (mg L–1)
1 2.01 Precipitate Precipitate
2 3.03 18.3 ± 1.4 13.8 ± 0.6
3 3.94 22.7 ± 0.5 20.2 ± 0.4
4 6.26 22.6 ± 0.7 21.3 ± 1.2
5 8.06 22.4 ± 0.9 19.4 ± 0.7
6 10.00 21.5 ± 1.0 19.7 ± 0.5
Table 6 Results of the analysis of synthetic samples.
Cr(III) Cr(VI)
Sample Known concentration Measured concentration Known concentration Measured concentration
(mg L–1) (mg L–1) (mg L–1) (mg L–1)
1 2 2.0 ± 0.05 2 2.2 ± 0.1
2 10 10.0 ± 0.4 10 9.6 ± 1.4
3 20 19.6 ± 4.9 20 19.9 ± 0.7
4 40 41.5 ± 2.4 40 40.7 ± 3.7
5 10 10.9 ± 0.6 5 5.0 ± 0.1
6 10 10.8 ± 0.7 30 28.7 ± 3.2
7 10 10.8 ± 2.8 50 49.6 ± 4.4
8 2 2.1 ± 0.3 20 19.6 ± 1.3
3.1.5. Applications of the Method
A range of synthetic samples with known concentrations of
Cr(III) and Cr(VI) were analysed and the results are summarized
in Table 6. The confidence intervals are based on three replicate
measurements with a confidence level of 95%. The measured
concentrations are shown to be in good agreement with the
known concentrations.
The method was also applied to an industrial chromium
plating bath solution. A quantitative ICP-OES analysis of the
sample was done (total chromium = 24.0 ± 0.5 mg L–1) and was
found to compare favourably with the sum of the individual
species (Cr(III) = 1.9 ± 0.2 mg L–1 and Cr(VI) = 20.7 ± 1.0 mg L–1)
as determined by the anion chromatography method.
3.2. Cation Chromatography Method
3.2.1. Eluent Optimization
First, a 60 mM nitric acid solution, which is the standard eluent
for a Dionex CG 12A column, was used as the eluent. Cr(III) was
found to elute first followed by a broad peak of Cr(VI). To
improve the peak shape for Cr(VI) a 40 mM ammonium nitrate
solution was tried as the eluent. This eluent resulted in the rapid
elution of Cr(VI); however, Cr(III) was not detected within 15
minutes of injection. It was thus retained on the column and was
only successfully eluted with 60 mM nitric acid.
Cr(VI) is an anion and was not expected to interact with the
cation column and was thus supposed to elute with the void vol-
ume. Separations using ion-exchange columns, however, cannot
be explained by the basic principles of ionic equilibria alone. This
occurs, as most packing materials are able to interact with the
analyte ions via some secondary mechanism of adsorption, par-
tition or hydrogen bonding effects. The mechanism of ion
exchange is further complicated by the selectivity introduced by
the charge and radius of the ions competing for the ion-
exchange sites. A hybrid mechanism thus governs the elution of
Cr(VI) and makes the elution behaviour difficult to predict.
Cr(III) was eluted with nitric acid and Cr(VI) was eluted with
ammonium nitrate, thus varying ratios of the ammonium nitrate
and nitric acid eluents were used in conjunction to see if both
species could be eluted efficiently. This did not prove successful
in separating the species and eluting Cr(VI) as a narrow peak.
A stepwise elution programme (Table 1) was then opted for to
elute the species using both eluents. Ammonium nitrate was first
used to elute Cr(VI) and then the eluent was switched to nitric
acid to elute the Cr(III) species. This proved to be a more success-
ful approach as both species were separated and a relatively
narrower Cr(VI) peak was achieved.
The ammonium nitrate and nitric acid concentrations were
optimized to observe the effect on the chromatographic factors
(retention times, sensitivity and resolution) and to see if Cr(VI)
could be eluted more effectively (Table 7). The retention time of
Cr(III) was found to decrease and the resolution increased as the
nitric acid concentration increased. However, the sensitivity of
the chromium peaks was very poor at high concentrations of
nitric acid, thus 60 mM nitric acid was chosen as the optimum
concentration. No general trends were observed for changes in
the ammonium nitrate concentrations but the best sensitivity for
Cr(III) and the best resolution occurred at 40 mM ammonium
nitrate.
The peak shape for Cr(VI), however, was still found to be a bit
broad using stepwise elution unlike the peak obtained for Cr(VI)
when only ammonium nitrate was used. When ammonium
nitrate was first tested as a possible eluent it was run through the
column for half an hour to equilibrate it. The Cr(VI) peak
obtained after this was narrow and sharp. A test was thus under-
taken to see the influence of the time that ammonium nitrate is
run through the column prior to analysis on the Cr(VI) peak
shape (Table 8). Both the sensitivity for Cr(VI) as well as the reso-
lution increases with increasing equilibration time.
The time needed for a column to equilibrate to a new eluent is
dependent on the selectivity coefficient for the competing ion in
the new eluent over that of the previous eluent as well as the
concentration of the competing ion in the new eluent. A CG 12A
column was used in this method and according to the manufac-
turers the ‘stationary phase is functionalized with relatively
weak phosphonic and carboxylic acids having a high selectivity
for the hydronium ion’.36 Thus the 30-minute equilibration is
needed when nitric acid is switched to ammonium nitrate as the
resin has a higher selectivity for the hydronium ion.
The ammonium nitrate concentration was significantly
increased to see if a higher concentration of the competing ion
would lead to faster equilibration of the chromatographic
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Table 7 Influence of varying concentrations of NH4NO3 and HNO3 on the chromatographic factors.
HNO3 concentration NH4NO3 concentration Retention time (min) Peak area Resolution
(mM) (mM) Cr(VI) Cr(III) Cr(VI) Cr(III)
40 40 0.348 3.819 17 453 15 808 20.3
60 40 0.338 3.536 17 661 16 630 22.4
100 40 0.342 3.116 15 819 15 602 23.6
60 20 0.372 3.330 18 159 14 488 21.4
60 40 0.338 3.536 17 661 16 630 22.4
60 100 0.359 3.623 15 039 12 686 21.5
Table 8 Influence of ammonium nitrate equilibration time on the chromatographic factors.
Equilibration time Peak area Half peak width (sec) Resolution
(min) Cr(VI) Cr(III) Cr(VI) Cr(III)
0 14 821 13 203 38.2 8.0 4.5
10 16 670 12 755 16.2 5.2 15.6
20 16 723 12 899 13.3 5.6 18.8
30 17 216 13 133 12.1 6.0 20.4
column. The results indicate that greater sensitivity was
achieved when using the stronger eluent; however, it impacted
negatively on the Cr(III) peak, which decreased in sensitivity.
Other eluents such as ammonium chloride, ammonium
sulphate, sodium nitrate and potassium nitrate were tested to
see if the 30-minute equilibration time could be overcome. When
no equilibration time was allowed between analyses ammonium
nitrate was still able to provide the best sensitivity for Cr(VI) and
the peak width was relatively narrow. The Cr(III) peak was not
found to be significantly affected by the different eluents.
As no better alternative could be found the ammonium nitrate
eluent was run through the chromatographic column for 30
minutes prior to each analysis and produced a useful chromato-
gram as depicted in Fig. 4.
3.2.2. Flow Rate Optimization
The Van-Deemter Theory35 states that the column efficiency
is dependant on the flow rate in a cation column and so a
compromise between resolution and analysis time has to be
made. The results obtained from the measurement of a sample
containing 20 mg L–1 Cr(III) and 20 mg L–1 Cr(VI) at different
eluent flow rates is shown in Table 9.
A flow rate of 1 mL min–1 caused the species to be retained too
long such that the program used to record the chromatogram
ran out of time. High flow rates were found to reduce retention
times but lower sensitivities were also observed. Lower flow
rates were found to increase retention times but sensitivities
were improved.
Contrary to the Van-Deemter Theory, the resolution is not
significantly affected by the change in flow rate. This may be
attributed to the fact that the retention time of Cr(III) is
controlled by the stepwise elution programme and so a limit was
placed on the degree to which the retention time could be
influenced.
Thus a compromise between efficiency at lower flow rates and
a shorter analysis time at higher flow rates was made and an
intermediate flow rate of 2 mL min–1 was used.
3.2.3. Evaluation of the Method
Interference Study of Other Cations. Zinc, iron(III) and nickel as
well as the anions, chloride and sulphate were studied to deter-
mine their influence on the successful analysis of the chromium
species. Only iron has an influence on the determination of the
chromate species in a sample. Metal chromates are generally
insoluble, thus a decline in recovery is observed when iron is
present in a sample as the precipitate has been removed by filtra-
tion prior to analysis. As mentioned above, this is not considered
to be an interference.
Effect of Sample pH. The determination of the influence of the
pH of a sample on the method was studied (Table 10). Four
synthetic samples with different pH values but with the same
concentrations (20 mg L–1 Cr(III) and 20 mg L–1 Cr(VI)) were
prepared. A fifth sample (sample 2) was prepared without
changing the pH and was used as a control.
The results show that Cr(III) was not observed from pH 6–10.
This can be explained by the hydrolysis behaviour of trivalent
chromium which forms Cr(OH)3 (s) at a pH above 5.5. Thus
Cr(III) precipitates out and as the sample is filtered prior to
analysis, Cr(III) is not observed in the chromatogram.
Relatively constant concentrations were observed for the
chromate species at different pH values, which showed that
chromate, is not affected by a change in pH in this method.
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Figure 4 Typical chromatogram achieved using the CG 12 A column
with a 30 minute equilibration time before analysis (sample: 20 mg L–1
Cr(III) and 20 mg L–1 Cr(VI)).
Table 9 The effect of flow rate on the retention times and sensitivities of Cr species.
Flow rate Retention time (min) Peak area Resolution
(mL min–1) Cr(VI) Cr(III) Cr(VI) Cr(III)
1.0 a a a a a
2.0 0.358 3.223 27 205 19 439 24.9
2.5 0.284 2.837 28 381 18 758 27.0
3.0 0.271 2.599 22 664 16 082 29.2
a The flow rate is too slow for both species to be eluted within five minutes.
Table 10 Results obtained for samples with varying pH values.
Sample pH Measured concentration of Cr(VI) Measured concentration of Cr(III)
(mg L–1) (mg L–1)
1 2.42 24.2 ± 1.4 27.3 ± 1.0
2 4.00 20.8 ± 1.3 22.2 ± 0.9
3 6.00 20.2 ± 1.0 Precipitate
4 8.01 22.0 ± 0.4 Precipitate
5 10.09 23.7 ± 1.7 Precipitate
Analytical Merits. The analytical merits were determined in a
similar fashion to that used for the anion chromatography
method. The qualitative detection limits were found to be
0.1 mg L–1 for both species. The quantitative detection limits were
established as 0.4 mg L–1 for both Cr(III) and Cr(VI). The dynamic
linear range for both species was determined as 0.4–150 mg L–1.
3.2.4. Applications of the Method
The same industrial plating bath solution was analysed using
the developed cation chromatography method. The results
(Cr(III) = 1.9 ± 0.1 mg L–1 and Cr(VI) = 22.9 ± 0.3 mg L–1) were
found to correlate well with both the total chromium content
(24.0 ± 0.5 mg L–1) as well as the results obtained by the anion
method.
A range of samples with known concentrations of Cr(III) and
Cr(VI) were prepared and analysed (Table 11). The confidence
intervals are based on three replicate measurements with a
confidence level of 95%. The measured concentrations are
shown to coincide with the known concentrations.
4. Comparison of the Two Methods
Two methods were developed for the speciation analysis
of chromium, based on a hyphenated system where ion
chromatography is coupled with ICP-OES.
The method to be used in a given situation depends on the
sample to be analysed. If a sample with low concentrations of
other metals, e.g. water sample, is to be analysed, the anion
chromatographic method should be used as it has a shorter
analysis time and does not require a 30-minute equilibration
time as in the case of the cation method. If a sample contains high
concentrations of other metals it is advisable to use the cation
method as the anion method is subject to interference effects.
Both the anion and the cation chromatography methods are
simple with no complicated sample preparation or instrumental
setup. Baseline separation is achieved in both, thus a limit on the
ratio of the chromium species is avoided. The analytical merits
observed for the anion and the cation methods are similar.
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Table 11 Results of the analysis of synthetic samples.
Cr(VI) Cr(III)
Sample Known concentration Measured concentration Known concentration Measured concentration
(mg L–1) (mg L–1) (mg L–1) (mg L–1)
1 10 9.9 ± 0.4 10 10.1 ± 0.8
2 15 15.6 ± 0.4 15 15.7 ± 0.8
3 20 20.7 ± 1.2 20 22.1 ± 2.0
4 50 49.6 ± 1.5 50 49.1 ± 1.2
5 30 31.6 ± 3.1 40 45.8 ± 2.9
6 10 9.5 ± 0.1 5 4.7 ± 0.7
7 5 4.3 ± 0.3 40 47.8 ± 1.9
8 15 14.2 ± 1.4 30 32.8 ± 2.6
